Introduction
The successful revascularization for patients with unprotected left main coronary artery (ULMCA) lesions had shown significant benefits in reducing the risk of mortality or morbidity, regardless of whether percutaneous coronary intervention (PCI) or coronary artery bypass grafting (CABG) was selected for them (1, 2) . Popularly, the wider usage of drug-eluting stents (DESs) induced by its rapid development, in conjunction with effective pharmacological therapy and advanced equipment, had indicated improved clinical outcomes pertaining to PCI (3, 4) . To the best of our knowledge, the full expansion and apposition of implanted stents mean a successful stenting procedure, which could strengthen the relative benefits. On the other hand, intravascular ultrasound (IVUS) has developed as a matured technique, providing accurate evaluation of vessel size, lesion length, or lesion severity, which was considered as a powerful approach for optimizing the stenting procedures (5, 6) . Several recent observational clinical trials (3, 7) and one randomized trial (8) with a small sample size had reported the positive effects of IVUS-guided DES implantation for patients with ULMCA stenosis, mainly appearing in decreased risk of mortality. In fact, several meta-analyses published recently had also confirmed the benefits of IVUS guidance in DES implantation, though the mainly analyzed population were patients with complex coronary lesions (9, 10) . However, these over-mentioned data were mostly from observational trials or small randomized trial, and it still remains unclear to evaluate the benefits of IVUS guidance in DES implantation for a left main lesion. Thus, this randomized trial was designed and conducted.
Methods

Study design and patient population
This was a randomized, open-label and single-blind clinical trial. From December 2010 to December 2015, a total of 348 consecutive patients with ULMCA lesions (defined as at least 50% stenosis in the left main coronary artery from visual assessment) were considered in the study. Inclusion criteria were as follows: (1) adult patients with ULMCA lesions and planned for receiving DES implantation (age from 18 to 75 years) and (2) good compliance of antiplatelet therapy post-PCI. Patients with (1) acute myocardial infarction (MI) (≤24 h); (2) cardiogenic shock; (3) high-risk factors for bleeding, such as dysfunction of blood coagulation or histories of major hemorrhage (e.g., intracranial or gastrointestinal); and (4) renal or hepatic failure or carcinoma were excluded from the study. Patients with a chronic total occlusion (CTO) in the left anterior descending (LAD) artery or left circumflex (LCx) artery with no access to successful recanalization before randomization or complicated with severe calcification needing rotational atherectomy were also excluded. Opaque envelopes written with different IDs indicating the related groups (1: receiving DES implantation under IVUS guidance, described as the 'IVUS-guided' group and 0: receiving DES implantation without IVUS assessment, described as the control group) were used to randomly divide the enrolled patients at a 1:1 ratio. The study was approved by the Ethics Committee. Written informed consent was obtained from all of the included patients.
Procedures and medications
Five experienced primary interventionists who were in charge of performing all the interventional procedures following the current standards were involved in the study. The selection of different two-stent techniques (Culotte stenting, T/provisional T-stenting, V/ simultaneous kissing stents, or double kissing crush (DK crush) stenting) for patients with distal LM bifurcation lesions was decided by these interventionists. Use of glycoprotein IIb/IIIa inhibitors, intra-aortic balloon pump, types of DES, or pre-dilation was their discretion. Post-dilation with noncompliant balloons (≥18 atm pressure) of all stents was recommended (balloon/stent 1:1 ratio), especially for these with suboptimal expansion or stent malapposition confirmed by IVUS or angiography. A successful PCI procedure was considered if thrombolysis in myocardial infarction (TIMI) grade 3 and residual stenosis <10% were achieved. Before the stenting procedures, the New Risk Stratification (NERS) and Synergy between PCI with Taxus and Cardiac Surgery (SYNTAX) scores were estimated (11, 12) . In addition, 100 mg aspirin and 300 mg loading dose of clopidogrel were applied for all included patients before the PCI procedures. Unfractionated heparin was used for procedural anticoagulation. After the PCI procedures, all patients were administered aspirin (100 mg/day) for a lifetime and clopidogrel (75 mg/day) for at least 12 months. The additional usage of statins, β-blockers, aldosterone antagonists, or angiotensinconverting enzyme inhibitors was recommended for secondary prevention according to the current guidelines if necessary.
Intravascular ultrasound
After positioning at >10 mm far away from the distal end of the lesion, the IVUS catheter was then pulled back automatically (0.5 mm/s) to the opening of the LM. Simultaneously, an imaging system carrying a 40 MHz mechanical transducer (Boston Scientific Corporation, Natick, MA, USA) was used to collect the images. Several projects were measured to assess the related lesions, including minimal lumen diameter, minimal lumen area, reference lumen area, and burden of lipid plaque, in order to guide the decision-making of stent placements. Repeat IVUS was performed post-PCI to evaluate the optimal results of implanted stents. A successful PCI procedure proven by IVUS was defined as minimum stent lumen cross-sectional area >6.9 mm 2 , full apposition, and expansion of stents with no observed dissection (13) .
Study endpoints and related definitions
The primary study endpoint was the incidence of composite major adverse cardiac events (MACEs) after a 1-year follow-up, including cardiac death, MI, and target vessel revascularization (TVR). The risk of stent thrombosis (ST) was chosen as the safety endpoint. Death from cardiac causes was considered after eliminating a clear non-cardiac cause as confirmed in the clinic or autopsy. Periprocedural MI was confirmed if creatine kinase-myocardial band (CK-MB) increased >10× the upper reference limit (URL) or presenting with any of the following symptoms: (1) newly appeared pathological Q waves in ≥2 contiguous leads or left bundle branch block, (2) imaging evidence indicating new loss of viable myocardium, or (3) CK-MB increased >5× the URL only but presented with new occlusion or severe stenosis proven by angiograph. A repeat revascularization (regardless of PCI or CABG) of the treated lesion or vessel was considered as the target lesion revascularization (TLR) or TVR. ST was defined and classified following the Academic Research Consortium (early: 0-30 days post-PCI, late: 31-360 days and/or very late: >360 days) (14) .
Clinical follow-up
Telephone contact or clinical office visit was used for clinical follow-up at 1, 6, and 12 months. Coronary angiography would repeat 12 months later or earlier induced by clinical indications. An independent cardiologist blinded to the study was in charge of assessing all events.
Statistical analysis
The findings from a previous cohort indicated that there were approximately 14.8% of the patients in the IVUS-guided group and 27.7% of the patients in the control group appeared MACEs after a 1-year follow-up (7). As a result, the sample size was subsequently estimated, intending to provide 80% power with a two-sided level of 0.05. Moreover, 10% of the patients lost to follow-up should be assumed. Overall, 348 patients were finally planned for enrollment, among which 174 patients were randomly assigned to each group to demonstrate the superiority of IVUS guidance in DES implantation.
Statistical analyses were made using SPSS version 22.0 (SPSS Institute, Chicago, IL, USA), following the intention-to-treat principle, no matter what treatment was applied. Baseline characteristics and clinical outcomes were recorded using counts, percentages, or mean±standard deviation, as appropriate. The Student's t-test was used for comparison of normally distributed continuous variables, whereas the Mann-Whitney U test was used for comparison of non-normally distributed data. Comparisons between categorical variables were assessed using the chi-square test or Fisher's exact test. On the other hand, the independent predictors for the primary endpoint were examined using the multiple Cox proportional hazards regression analysis. When a p value ≤0.1 appeared in the univariate analysis, the present variables were considered as candidates for the multiple models. The Kaplan-Meier analysis was performed to generate the time-to-first event curves, and comparisons between the two groups were assessed using the log-rank test. All P values were two-tailed. A p value <0.05 was considered statistically significant. Figure 1 shows the patient selection and study design. From December 2010 to December 2015, a total of 348 patients with ULM-CA lesions who were then randomly divided into the IVUS-guided group and the control group at a 1:1 ratio met the inclusion criteria. Among these randomly assigned patients, seven patients from the IVUS-guided group and five patients from the control group were excluded from the final analysis because of protocol violation, refusal of enrollment, or withdrawn by the clinician. An acceptable dropout rate (2.7%) was observed in all enrolled patients.
Results
Baseline clinical characteristics
As shown in Table 1 , the baseline characteristics of the involved patients were well matched between the two groups. Ap- Values are presented as mean±SD. BMI -body mass index; CABG -coronary artery bypass grafting; CHF -congestive heart failure; DBP -diastolic blood pressure; eGFR -estimated glomerular filtration rate; IVUS -intravascular ultrasound; LVEF -left ventricular ejection fraction; MI -myocardial infarction; n -number; PAD -peripheral artery disease; PCI -percutaneous coronary intervention; SBP -systolic blood pressure proximately 32.1% of patients suffered from diabetes, whereas most of the included patients (75.3%) presented with unstable angina. Table 2 shows the angiographic characteristics. A total of 281 patients (IVUS-guided vs. control: 82.6% vs. 84.6%, p=0.782) were complicated with multivessel disease, and most of whom were located with distal LM bifurcation, showing no significant difference when comparing the IVUS-guided group to the control group (58.7% vs. 61.5%, p=0.558). On the other hand, the incidence of CTO or calcification also showed no statistical significance between the two groups, indicating that the complexity of coronary lesions in the two groups was well matched. In addition, risk stratification evaluated by either the SYNTAX or the NERS score showed similar risk scores.
Angiographic and procedural characteristics
Most of the included patients underwent PCI using the transradial approach. Table 3 shows the procedural characteristics. Pre-dilation was performed in 55.0% of the patients in the control group, which was much more frequently than that in the IVUSguided group (p<0.001). When two-stent technique should be chosen for bifurcation, the DK crush stenting was more preferred in the IVUS-guided group (27.6% vs. 18.3%, p<0.001), whereas the Culotte stenting was used more frequently in the control group (41.4% vs. 48.4%, p<0.001). The larger stents were implanted in the IVUS-guided group than those in the control group (3.46±0.51 mm vs. 3.29±0.33 mm, p=0.023). Alternately, there was no significant difference in stent numbers or lengths between the two groups. Final TIMI flow grade 3 in the main vessel was observed in all the included patients, suggesting a successful PCI procedure.
Clinical outcomes
There were approximately 97.3% of the patients who finished the 1-year clinical follow-up, and related outcomes were listed in Table 4 . After a 1-year follow-up, the incidence of composite MACE 
Discussion
In this randomized study, the major finding was that IVUSguided DES implantation significantly reduced the incidence of composite MACE among patients with ULMCA lesions, particularly for decreasing the risk of cardiac death. Nonetheless, there were no beneficial effects with respect to IVUS guidance in preventing ST, as well as MI, though the relative risk of TVR tended to be decreased.
It should be noted that a large amount of jeopardized myocardium would occur in patients with ULMCA stenosis, in which no graft to the LAD artery and LCx artery, leading to higher risk of mortality (15) . Based on several randomized trials, the 2014 USA guidelines recommended CABG for most of these patients mainly because of its superiority in reducing the risk of TLR when compared with PCI with bare-metal or first-generation DES (1, 16, 17) . Recently, the improved clinical outcomes had been indicated resulting from the wider usage of DES since it was rapidly developed, as well as in conjunction with effective pharmacological therapy and advanced equipment (3, 4) . In fact, the potential interfering effects of aortic cusp opacification would limit angiography in assessing ULMCA lesion characteristics and subsequently interfered the decisions of stenting strategies, leading to adverse stenting outcomes (18) . As a result, IVUS was widely applied before the PCI procedures because this imaging equipment had been reported to make it easier to achieve more accurate details of target vessels, including lesion morphology and true luminal size, and then provided better approach for selecting the appropriate diameter and length of the implanted stents (19) . Furthermore, IVUS guidance can be helpful to determine these complications during the PCI procedure earlier, leading to better clinical outcomes. However, it still remains unclear if IVUS guidance in DES implantation would have positive effects in patients with ULMCA stenosis. Two recent meta-analyses (9, 10) had indicated the benefits of IVUS-guided DES implantation but in which the mainly analyzed population were these patients with composite of complex coronary lesions. Several previous observational clinical trials indicated similar results. Gao et al. (7) analyzed the data of 582 patients after propensity score matching and showed that IVUS-guided treatment of ULMCA using a DES is associated with less frequent 1-year MACE, mainly resulting from a significant reduction of cardiac death and TVR. On the other hand, the results from the Revascularization for ULMCA Stenosis: Comparison of Percutaneous Coronary Angioplasty Versus Surgical Revascularization trial indicated that IVUS guidance in DES implantation for these patients might significantly lower the 3-year mortality than the angiography-guided group (4.7% vs. 16.0%, p<0.048). In addition, a recent randomized trial reported the benefits of IVUS-guided DES implantation for patients with ULMCA stenosis, mainly in terms of reduced risk of TLR, though only 123 elderly patients (≥70 years) were involved (8) . Therefore, the current supporting data for IVUS-guided DES implantation in such patients were mostly from observational trials or small randomized trials, making the benefits of IVUS guidance unconvincing.
Indeed, better clinical outcomes would be achieved if the risk of adverse events related to the PCI procedures was decreased, which mainly relied on the full expansion and apposition of implanted stents. In our study, the mean diameter of implanted stents in the IVUS-guided group was larger than that in the control group, without any complications following post-dilation. These benefits were mostly due to the accurate details of the true luminal size, lumen area, reference lumen area, and lesion morphology provided by IVUS guidance. It had been reported that distal LM bifurcation lesions might involve a wider bifurcation angle, larger diameters, and more frequent occurrence of three vessel segments (trifurcations), increasing the risk of under expansion and malapposition (20, 21) . Therefore, applying IVUS before the stenting procedures could also be helpful to evaluate the lipid plaque distribution in distal LM and the approach for side branch, which would make it easier to judge the true angle of the distal LM bifurcation and subsequently have very positive effects in deciding the selection of different PCI strategies, especially for the two-stent techniques. On the other hand, IVUS guidance allowed these patients with good access to appropriate stent diameter and length to optimize the stenting procedure, resulting in better clinical outcomes. In recent years, the improved clinical outcomes had been observed with respect to the technique of DK crush stenting for bifurcation lesions. In the DKCRUSH-III trial, the superiority of DK crush stenting was proven mainly because of the higher incidence of TVR pertaining to the Culotte stenting for ULMCA bifurcation lesions, leading to a significantly increased MACE (22) . The possible reasons for such results explained by themselves were mainly due to the selected population in the Culotte stenting group located with wide bifurcation lesions (angle ≥70°), for whom a Tstent technique should have been selected (23, 24) . Then, the DK-CRUSH-V randomized trial was published and found that DK crush stenting is superior to provisional stenting (PS) mainly appearing as lower incidence of target vessel MI (PS vs. DK crush: 2.9% vs. 0.4%, p=0.03) and definite or probable ST (PS vs. DK crush: 3.3% vs. 0.4%, p=0.02), causing a significantly decreased rate of target lesion failure (PS vs. DK crush: 10.7% vs. 5.0%, p=0.02) (25) . In our study, most included patients were located with distal LM bifurcation (60.1%), which was confirmed as another independent predictor of MACE via the Cox regression multivariable analysis. In addition, the DK crush stenting was more preferred in the IVUS-guided group (27.6% vs. 18.3%, p<0.001), whereas the Culotte technique was used more frequently in the control group (41.4% vs. 48.4%, p<0.001), which might also result in better clinical outcomes in the IVUS-guided group. However, in the IVUS-guided group involving a total of 87 cases who underwent two-stent techniques for bifurcation lesions, there were only 24 (27.6%) cases who received DK crush stenting, whereas 36 cases were selected for Culotte stenting. These might be explained for why a significantly reduced incidence of cardiac death was observed, whereas no beneficial effects of IVUS guidance on preventing ST, as well as MI, were observed, though the relative risk of TVR tended to be reduced in the IVUS-guided group.
Study limitations
Our study has several limitations with respect to the design and conduct of the current study. First, though 336 patients were finally analyzed in this trial, it still appears as a single-blind randomized study with 80% power only. A larger, multicenter and more powerful randomized trial was still warranted. Second, withdrawal of consent or contact lost during the follow-up was another limitation, though the whole results would not be influenced obviously. Third, an extended follow-up was aimed, which may be critical to assess the long-term clinical benefits of IVUS-guided DES implantation for such patients. Fourth, the absence of quantitative IVUS and angiographic analysis should also represent limitations. In addition, subgroup analysis for confirming the effects of IVUS guidance in distal left main bifurcation lesions was not performed either. Additionally, usage of different implanted DES types or sheaths with different sizes limited us to explore the true effects of IVUS guidance for these patients with LM lesions. Finally, several other risk factors related with pharmacological therapy post-PCI were not considered, including dual antiplatelet therapy (DAPT) regimen, treatment platelet reactivity, and compliance for DAPT, which might also influence the final results.
Conclusion
IVUS-guided DES implantation was related with a significantly reduced 1-year incidence of composite MACE among patients with ULMCA lesions, particularly for decreasing the risk of cardiac death, which would support the advantages of IVUS guidance. Larger and more powerful randomized trials were still warranted to identify the overall benefits with respect to IVUS guidance for these patients.
